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Introduction
Degraded landscapes that no longer support the original native vegetation usually require human intervention to overcome specific biotic and abiotic barriers in order to promote the reestablishment and growth of native plants (Hobbs and Norton 1996; Hobbs and Harris 2001) . Secondary succession can be especially limited in areas where the soil has become compacted or otherwise modified for plant growth (e.g. through intensive pastoral and agricultural activities; Trotter et al. 2005) . The loss of the seed bank and other propagule sources can also prevent or retard ecological regeneration (Zhao et al. 2005; Measham 2009; Tang et al. 2009 ). Hence, identifying the environmental factors hindering secondary succession is a key issue for ecological restoration (Standish et al. 2009 ).
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Anna P. Rodrigues*, Elena Moltchanova, David A. Norton, Matthew Turnbull Ecological Factors Preventing Restoration of Degraded Short Tussock Landscapes in New Zealand's Dryland Zone through burning (McWethy et al. 2010) . Degradation of the native grassland into exotic herbfields continued with the arrival of Europeans through agricultural and pastoral practices, along with the introduction of exotic plant and animal species for various purposes (Cockayne 2011) . Anthropic activities and species invasions have also changed soil physical and chemical properties of grasslands (Payne and Norton 2011), and hindered restoration attempts of the native vegetation even years after cessation of activities.
Currently, around 30% of the New Zealand dryland zone retains a native vegetation cover with < 2% under legal protection and most of the native vegetation is limited to higher altitudes and steeper slopes (Walker et al. 2009 ). Restoration of New Zealand's dryland ecosystem is urgently required and it can be partly achieved through actively planting native seedlings. However, restoration efforts also need to assess which environmental aspects of the degraded sites are probably limiting natural or assisted regeneration in such areas (Hobbs and Norton 1996) . This research focused on identifying the abiotic factors that may be limiting the establishment of native woody seedlings on degraded, dryland grasslands. The loss of woody vegetation in dryland ecosystems such as the one we studied has likely increased air and soil temperatures (Cabin et al. 2002) , reduced water availability to plants (Cortina and Maestre 2005) , and altered the floristic component of the vegetation (Norton and Young 2016) , thus making it more difficult for native woody species to establish. Therefore, our hypotheses were: 1 -Water availability was a key limiting factor for the establishment of native woody species on previously grazed grassland in New Zealand's dryland zone. Therefore, supplemental water or shade would facilitate seedling establishment and growth by making this resource more available to seedlings; 2 -Artificial shelters would protect native seedlings from desiccation caused by weather elements, such as direct solar radiation; and 3 -Fencing was a crucial tool in protecting native seedlings from predation, thus it could increase restoration success.
Materials and Methods

Study Sites, Treatment Description, and Species
We established an Irrigation trial (43.90° S, 170.39° E, 920 m a.s.l.) and a Grazing trial (43.91° S, 170.42° E, 880 m a.s.l.) at Glenmore Station, a large sheep and beef farming property on the western side of Lake Tekapo, Mackenzie Basin, South Canterbury. The experiments were run from December-2012 to April-2014. The dryland zone in the Mackenzie Basin where, in pre-human times, woody vegetation dominated (McGlone 2001) , is now dominated by exotic grasses and forbs (Norton et al. 2009 ), as well as grazing animals, including rabbits and hares. The finegrained and weakly structured soils, combined with the climatic characteristics that expose the land to strong, north-west winds, have predisposed the local soils to erosion processes, and decades of farming and grazing have caused widespread soil compaction (Boswell and Espie 1998).
The climate of Glenmore Station is semi-continental, with warm dry summers and cold winters. Average annual precipitation is 762 mm, though some years rainfall can be lower than 400 mm (Norton 2006) . Mean summer temperatures range from 8.5°C to 21.0 °C. Snow is common in winter, normally at altitudes above 1000 m, though it can extend down to 700 m and persist for several months. Winter mean temperatures can vary from -3.3 °C to 6.0 °C in July.
Six replicates of large (20-40 cm tall) and small (≤ 5 cm) seedlings of Leptospermum scoparium and Ozothamnus leptophyllus were used in both experiments. In the Irrigation Trial, 24 (4 treatments × 6 replicates) 3.5 m x 3.5 m plots consisted of a combination of shade (+/-) and irrigation (+/-) were randomly placed in the study area. Grazing was excluded from all treatments in this trial. Irrigation occurred at 6:00 and 18:00 hours daily, for 15 minutes each round, throughout the austral summer months. The irrigation system was turned off during autumn and winter to avoid freezing damage to the pipes. The Grazing Trial consisted of a combination of shade (+/-) and grazing (+/-) treatments, with a total of 32 (4 treatments × 8 replicates) 3.5 m x 3.5 m plots randomly established in the study area. Only the "no-grazing" plots were fenced off to test the impact of herbivory on the native seedlings (Table 1 ). The grazing trial has been the focus of previous research on soil moisture and floristic patterns (Payne and Norton 2011; Norton and Young 2016).
Counting of Survivors and Height Measurements
Seedling stem height was measured at planting (December 2012) and then again in April 2013, October/November 2013, and in April 2014. Height measurements of plants that had lost part of their apical meristem (dried, fell off, broke, or was browsed) were taken from the ground to the top apical meristem on the highest green branch. Relative height increment (RHI) was calculated for at the end of the experiment (Evans 1972; Causton 1991) :
where RHI is the natural logarithm (ln) of a ratio of the final seedling height measurement (H f ) and the height of the seedling at planting (H o ).
Soil water content
Gravimetric soil water content, or soil moisture, was monitored at planting, in December-2012, and in January-2014.
Carbon Isotope Signature (δ 13 C)
Carbon isotope analysis, or carbon isotope signature (δ 13 C), an ex situ destructive physiological test, was undertaken at the end of the experiment on oven-dried leaf samples (approximately 1.0 g) of the surviving plants from both trials. Carbon isotope signature of plant tissues can reflect long-term plant responses to different environmental conditions and stresses (Vogel et al. 1993 ) through the assessment of water use efficiency in plants (Tognetti et al. 2000; Adiredjo et al. 2014 ).
Statistical Analyses
To analyze the possible effect of treatment (grazing or irrigation in combination with shade) on seedling survival, seedling relative height increment, soil water content, and seedling carbon isotope signature, a two-way ANOVA was run within a Bayesian framework (Qian and Shen 2007) . To improve the distribution properties, the soil water content was logit-transformed. The probability of survival was modeled using generalized linear model with binomial link (Warton and Hui 2011) . All modeling was undertaken using WinBUGS software (Lunn et al. 2000) . A single chain of 10 000 iterations was run in each analysis with the first 5000 iterations discarded as burn-in. The convergence was then visually assessed. The posterior analysis and visualization were conducted using R (RDevelopment 2012).
Posterior means and 95% central credible intervals (CIs) were used to report the results. The statistical strength of the effect was reflected in posterior probability of corresponding statements. For example, one can report the probability that the seedlings in the shade will be on average taller than those in the sun, given the data. We have used the notation P to describe those probabilities, sometimes referred to as Bayesian P-values. A Bayesian P-value close to one implies that a statement is well supported by the data (see, e.g., Ellison 1996 for further details).
The differences between two nested models, for example, one accounting for the effects of the treatment and one ignoring them, can be quantified via the differences in the models' respective deviance information criteria, DIC (Spiegelhalter et al. 2002) . A lower DIC corresponds to the better model. A difference between 5 and 10 is considered substantial, while the difference over 10 would definitely rule out the worst model (Lunn et al. 2000) .
Results
Irrigation Trial
Soil water content: Significant treatment effects on the average soil water content became visible from October 2013 and persisted until the end of the experiment, with the control plots (I-S-) presenting the lowest estimates out of all measurement periods. In January 2014, the average estimated soil water levels in the irrigated treatments were 1.5 times higher than in the control and I-S+ treatments (44.2% and 26.5% respectively, P > 0.999). Shade also had a strong contribution to relatively higher soil water content in the I+S+ compared to I+S-(46.3% and 42.0%, respectively, and P=0.868). The effect of shade on soil water levels was also detected when comparing I-S+ and control (27.1% and 25.9%, Figure 1 ).
Probability of Survival and Relative height increment:
The estimated probability of survival of Leptospermum scoparium seedlings under the control treatment was 30.8%, which was significantly lower than the estimated ≥ 80% for any other treatment (P > 0.999). The combined effects of irrigation and shade on survival of L. scoparium seedlings were much higher than shade only, 89.0% and 80.4% respectively, P=0.863. The probability of survival in the I+S+ treatment was slightly superior to irrigation only (I+S-, 83.4%, P=0.772). Estimated probability of survival of Ozothamnus leptophyllus seedlings was over 90% for all treatments, except for the control, where it was 78.3%, P=0.997. The highest effect was achieved due to shade alone (99.5%, P>0.999), the lowest was due to irrigation alone (91.3%, P=0.947). The combination of shade and irrigation resulted in the estimated average survival rate of 94.7%, P=0.989 (Figure 3) .
L. scoparium seedlings had negative growth values in this trial, with seedlings in the control plots presenting the lowest relative height increment value (mean RHI = -1.3, 95% CI: -1.7, -0.9). L. scoparium seedlings had less negative growth in the I+S+ and I-S+ treatments (mean RHI = 0.5, 95% CI: -0.7, -0.3 for both) compared to the control (P >0.999), as well as in the I+S-(mean RHI = -1.1, 95% CI: -1.3, -0.9) compared to control (P=0.848). Additionally, dieback was less negative in the shaded treatments (I+S+ and I-S+) than in the unshaded treatment (I+S-, P >0.999). O. leptophyllus seedlings had a positive growth increment in the Irrigation trial, with the highest RHI value in the I+S+ treatment (0.7), and the lowest in the control (0.5). Although seedlings had the highest RHI values in the I+S+, the interaction effect of the two treatments was not statistically significant (ΔDIC=1.6). Shade had a substantially greater effect than irrigation on the mean RHI (0.20, 95% CI: 0.07,0.33 and 0.05, 95% CI: -0.09, 0.20 respectively, Figure 4) .
Carbon isotope signature: Figure 5 shows the estimated δ 13 C values for L. scoparium seedlings in the Irrigation trial ranging from -27.95‰ for I-S-to -29.48‰ for I+S+. The corresponding range for O. leptophyllus seedlings was -29.48‰ for I-S-and -31.65‰ for I+S+. In the presence of shade, the seedlings of both species were estimated to have on average 1.43‰ more negative (95% CI: 0.75,2.13 for L. scoparium and 1.68% for O. leptophyllus (95% CI: 1.09, 2.27). 
Grazing Trial
Soil water content: In the Grazing trial, fencing (no-grazing treatments) did not present any effect on soil moisture (∆DIC >0 for all periods). On the other hand, shade had a significant and positive effect on this variable in the two later periods. In January 2014, the estimated soil water moisture for the shaded treatments (G-S+ and G+S+) was on average higher than that for the unshaded treatments (G-S-and G+S-), 22.6% vs. 14.3%, P=0.985. In March 2014, the estimated water soil moisture was respectively 25.1% and 16.3%, P>0.999 (Figure 2) .
Probability of Survival and Relative height increment: Probability of survival of L. scoparium seedlings were <50% under all treatments except G-S+ (83.4%). There was thus a strong interaction effect of fencing and shade on this species' seedling survival, (ΔDIC =-3.093). For L. scoparium, shade alone had a stronger effect on seedling survival than fencing alone (ΔDIC = -29.709 and ΔDIC = -11.582, respectively). O. leptophyllus seedlings had probability of survival >70% under all treatments, including control. Shade had no statistically significant effect on the survival (0.032, 95% CI: -1.454,1.549) while grazing was estimated to increase the odds of survival 2.5-fold on average (95% CI: 0.1,11.7, Figure 3 ). L. scoparium seedlings had negative RHI under all treatments in the Grazing trial. The lowest RHI was in the G+S-plots (mean RHI = -1.41, 95%CI: -1.13, -1.68), whilst seedlings in the G-S+ had the highest RHI estimates (mean RHI = -0.36, 95% CI: -0.45, -0.66). There was no statistical evidence of interaction between the effects of shade and grazing. The average effect of shade was positive and estimated at 0.62 (95% CI: 0.40,0.83) while the effect of grazing was negative and was estimated at -0.38 (95% CI: -0.69; -0.17). The general pattern was the same for the L. scoparium seedling RHI with the positive effect of shade being estimated at 0.16 (95% CI: 0.03,0.28) and the negative effect of grazing being estimated at -0.22 (95% CI: 0.03,0.28). For O. leptophyllus, average RHI values were positive under all treatments, with the lowest value in the control treatment (mean RHI G+S-= 0.61, 95% CI: 0.48,0.72) and the highest estimated increment in the G-S+ treatment 0.61, (95% CI: 0.48, 0.72). There was some interaction between the effects of shade and grazing, but it was not statistically significant (ΔDIC=-1.835). On average, shade corresponded to a 17.1% increase in RHI (95% CI: 0.034, 0.279), while grazing tended to decrease RHI by an average of 24.7% (95% CI: 0.101,0.340, Figure 4) .
Carbon isotope signature: Estimated carbon isotope signature for L. scoparium seedlings ranged from -26.55‰ (Grazing trial only), seedlings had more substantial responses when either irrigation or fencing was combined with shade. L. scoparium and O. leptophyllus seedlings under shade may have benefitted from the reduced exposure to direct solar radiation, which consequently reduced extreme temperatures in the summer, and increased soil moisture levels in these treatments (Baumeister and Callaway 2006) . Either artificial or natural shelter from direct solar radiation and exposure to high winds have been reported to reduce surface soil temperature extremes by up to 10-12°C (Wilson 1996) , to increase soil moisture (Payne and Norton 2011) and to be the main facilitative mechanism of woody seedling species establishment (Benayas et al. 2005) . These findings, therefore, support our hypotheses that seedling establishment and growth in the study areas would increase under shaded conditions. The higher proportion of seedling mortality in the unshaded treatments can be linked to physiological failure associated with water stress-related desiccation, a common pattern observed in restoration efforts of abandoned farmlands and other secondary habitats (Hammond 1995) . Nonetheless, estimated carbon isotope values obtained from leaf samples of the surviving Figure 5 ). For both species, the only significant effect detected on this outcome was due of shade. When compared to unshaded area, the carbon isotope signature in the shade was estimated to be smaller by an average of 1.73‰ for L. Scoparium (95% CI: 2.15,2.21) and 1.93‰ for O. leptophyllus (95% CI 1.53,2.33).
The sample statistics for probability of survival, relative height increment, carbon isotope signature of Leptospermum scoparium and Ozothamnus leptophyllus seedlings, and soil water content in the Irrigation and Grazing trials can be found in Table 2 .
Discussion
Effects of Shade
Leptospermum scoparium and Ozothamnus leptophyllus seedling survival and growth were highest in the shaded treatments in both the Irrigation and Grazing trials. Although seedlings also responded positively to supplemental water (Irrigation trial only) and to fencing 2013, as well as from the extremely low air temperatures during snowless winter days (Krause and Weis 1991; Körner 1998; Inouye 2000) .
Effects of Irrigation
Dryland environments can be challenging sites for restoration, as establishment and growth of natural vegetation is more limited by available soil water than by other resources (Caldwell et al. 2009) . It is therefore possible that even low amounts of supplemental water, applied at the right time, can improve the germination and establishment of native seeds and seedlings (Roundy et al. 2001 ). Anderson and Ostler (2002) found that the addition of 112 mm of irrigation water to a Mojave Desert site with natural annual precipitation of 130 mm markedly enhanced the germination of native shrubs over control plots without irrigation. Native tall shrubs' relative heights seedlings were within the observed average for healthy, unstressed and photosynthetically efficient C3 plants (Griffiths 1991) . The response observed in the L. scoparium and O. leptophyllus seedlings can be attributed to a conservative water use strategy commonly found in drought-tolerant dryland plant species (Moreno-Gutiérrez et al. 2012) . Such water use strategy enables plants to maintain low (more negative) and relatively unaltered δ 13 C values when soil moisture levels change and resources are limiting Gebrekirstos et al. 2011; Moreno-Gutiérrez et al. 2012) , while plants continue growing, however slowly (Farquhar et al. 1989; MorenoGutiérrez et al. 2012) .
The shade cloths could also have worked as physical barriers and protected the seedlings from strong winds, frost and snowfall, that are common in mountainous areas such as the Mackenzie Basin (Kossmann et al. 2002) . In winter, the shade cloths likely shielded the seedlings from the mechanical damage of the heavy snowfall recorded in As anticipated, Leptospermum scoparium and Ozothamnus leptophyllus seedlings in the Irrigation trial responded positively to supplemental water compared to those planted in the control plots. However, supplemental water did not prevent seedling dieback and slow growth in the absence of shade, especially for L. scoparium seedlings. This was likely due to a growth depression at high-light conditions, a physiological response triggered by increased irradiance and temperatures in seedlings that are exposed to direct sunlight and that can take place even when plants are continuously irrigated (Poorter 1999) . Such conditions force the plant to reallocate biomass to roots instead of shoot to reduce the detrimental effects of aboveground environmental stress (Chaves et al. 2002) such as photoinhibition (Christian et al. 2006) , and transpirational losses in water-stress and high light conditions (Martin-Vertedor and Dodd 2011). Adaptations to high light environments has been noted for New Zealand plant species (Bee et al. 2007 ) and could have been detected in the species used in this research if root biomass measurements had been performed.
Effects of Grazing
The impacts of herbivory on the native seedlings were evident in the Grazing trial, where O. leptophyllus seedlings and, to a certain degree, L. scoparium seedlings, were damaged by grazing. Growth of O. leptophyllus seedlings was significantly affected by the absence of fence despite this species being regarded in the literature as unpalatable (Craine et al. 2006) . The data also showed that predation mostly affected overall shoot height increment of O. leptophyllus seedlings without necessarily killing the plant. The results indicate that this species can be quite resilient to herbivory and to the sites' environmental conditions, considering the fact that damaged plants were still capable of resuming growth. It has been noted that O. leptophyllus has the ability to produce fresh shoots from the base of the stem if the shrub has been somehow damaged (Roy et al. 2004) . Although some L. scoparium seedlings were also found preyed on, this species seemed more vulnerable to the effects of direct sunlight than to herbivory, as indicated by greater survival and growth rates of L. scoparium seedlings in the G+S+ plots than in the G-S-.
Increasing exotic weed density can be an undesirable effect of fencing (Norton and Young 2016) . However, in New Zealand, fencing is practically essential for restoration of native woody seedlings that did not evolve in mammalian presence (Walker et al. 2009 ). Since the composition and structure of native plant species pose few effective barriers to establishment of exotic plants (Rose et al. 1998; Rose and Frampton 1999) , we can assume that competition between native and exotic plants may increase on the study sites with exclusion of herbivory. Weed and herb cover seemed to have increased within the fenced plots during the experimental period (personal observation). A similar trend was detected by Scott et al. (2001) on an overgrazed tussock-grassland in the upper Waitaki Valley, South Island, New Zealand. A 37-year study by Rose et al. (2004) on the recovery of a short-tussock site in Wairau catchment, Marlborough (New Zealand), showed that reduced levels of grazing prompted significant recovery of native shrubs, tall tussocks, and herbs. However, the density of invasive exotic species (Hieracium among others) also increased and tended to become the dominant cover after a few years.
Conclusions
The establishment and growth of native seedlings on the study sites was largely limited due to direct and constant exposure of young plants to solar radiation. Seedling survival and growth rates were significantly higher in the shaded treatments probably because the shade cloths acted as a proxy for the historic woody vegetation cover that would have been present in these areas. Soil water levels were also higher in the shaded treatments, probably as a consequence of improved microclimate (e.g. more balanced air and soil temperatures, and reduced evapotranspiration) and better soil physical condition (e.g. reduced soil compaction), which undoubtedly increased seedling survival and growth in these plots. Shade cloths likely worked as a physical barrier from extremely cold temperatures, frost, and snowfall during winter. Additionally, the results showed that if shade is provided, supplemental water is not required, which would avoid the use of expensive methods, such as an irrigation system, in future restoration projects in similar areas. Fencing, on the other hand, was important for seedling survival and growth in the study area. Therefore, fencing should always be considered in any restoration project undergoing in New Zealand, even when planting species that are classified as unpalatable to herbivores in the literature.
In conclusion, the successful establishment of native seedlings on degraded dryland landscapes (hence, restoration success) can increase substantially if shelter and protection from herbivory are provided to seedlings, especially during the first years.
